A single-step synthesis for monodisperse and hexagonal-phase (β) NaYF 4 :Yb, Er upconversion nanophosphors (UCNPs) with a consistent hexagonal prism shape in the size range from 18 to 200 nm was achieved. The kinetic mechanisms for the particle phase transition and growth were examined. The β-UCNPs were obtained via co-thermolysis of trifluoroacetate precursors in octadecene (ODE) with combined ligands of oleic acid (OA) and trioctylphosphine (TOP). The experimental results showed that the combined OA-TOP ligand was crucial for changing the surface energy and controlling the particle shape over a broad size range. It was found that the particle sizes could be controlled by varying the molar ratios of Na(CF 3 COO)/Re(CF 3 COO) 3 (Re = Y, Yb, and Er). A high Na/Re ratio accelerated the cubic-phase (α) → β transition and promoted the growth of smaller β-UCNPs. The formation of β-UCNPs was classified into kinetic and diffusion controlled stages, depending on the reaction temperature and the dominant crystalline phases formed in each stage. In stage I, 250-310
Introduction
Recently, the synthesis of lanthanide ion doped upconversion nanophosphors (UCNPs) attracts a great interest due to their potential biological applications. The UC process, which converts two or more infrared (NIR) photons (e.g. 980 nm) to one visible photon via sequential absorption and energy transfer between 4f orbitals of Yb and Ln (Ln = Er, Ho, or Tm) ions, provides UCNPs many advantages over the conventional organic dye markers and quantum dots [1] [2] [3] . For example, the NIR excitation allows deeper light penetration in tissue and has much higher signal-to-noise ratio due to the absence of autofluorescence and the elimination of light scattering. In addition, UCNPs have sharp luminescence bands (∼10 nm) and do not have photo-bleaching due to their atomic like emissions. Moreover, high power NIR sources are inexpensive and easy to use. Thus, using UCNPs for biological applications such as cell imaging [4] , biolabel [5] , and photodynamic therapy (PDT) [6] have attracted increasing attention in recent years.
Among various host materials for UCNPs, NaYF 4 in either cubic (α) or hexagonal (β) phase has been widely studied. To date, it has been found that the β-NaYF 4 is the most efficient host to dope Yb/Ln ions to emit blue, green and red lights by NIR laser (980 nm) excitation [7] [8] [9] . In particular, the colloidal β-phase NaYF 4 :Yb, Ln UCNPs (referred as β-UCNPs unless otherwise specified) in nanoscale have received much more attention recently and β-NaYF 4 :Yb, Er is the focus in this paper. During the last few years, a single-step synthesis of colloidal β-UCNPs via co-thermolysis of trifluoroacetate (TFA) precursors has been developed to produce monodisperse particles in the ligands of oleic acid (OA) [10] oleylamine (OM) [11] and trioctylphosphine oxide (TOPO) [12] , respectively. Using OA, the β-UCNPs larger than 100 nm in plate shape were obtained, however, the particles smaller than 100 nm and size-tunability were not achieved. The β-UCNPs synthesized using OM and TOPO, on the other hand, were usually smaller than 20 nm. Unlike colloidal quantum dots (QDs) [13] luminescence of UCNPs below 20 nm is too weak to be used for photodynamic therapy and even for bioimaging. Therefore, due to their multiatomic components concurrent with complex formation process, it has been a challenge to synthesize β-UCNPs in a broader size range tunable from ten to hundreds of nanometers. Recently, Yan et al applied a two-step route in which α-UCNPs were prepared first, and then the isolated α-UCNPs were heated with or without Na(TFA) (TFA = CH 3 COO and trifluoroacetate) precursors at even higher temperature to further produce β-UCNPs in the range of 20-300 nm [14] . Unfortunately, the two-step route is not only complicated in requiring precise controls of compositions, reaction time, and heating temperature in each step, but also lacks direct correlations between the size of the final β-UCNPs and the initial reaction conditions. Moreover, the β-UCNPs obtained from the two-step method presented inconsistent particle shape in the reported size range (e.g. plate shape at large size and hexagonal prism for small particles). As the consequence, the two-step route is difficult to control particle size and shape by monotonically varying one or two experimental conditions. A new pathway for the synthesis of monodisperse β-UCNPs with continuous size-tunability and consistent particle shape using a single controlling parameter is needed.
On the other hand, although the β-UCNPs have been synthesized by using different approaches, the growth and formation mechanisms remain unclear. In colloidal cothermolysis of TFA precursors, the formation of the β-UCNPs has been simply ascribed to the α → β transition via Ostwald ripening process, but lacks of quantitative explanations [11, 12, 14, 15] . Li and coworkers hydrothermally synthesized OA coated long and large rod-shape β-UCNPs [16, 17] and proposed that the aggregation of small α-phase particles was responsible for the formation of large β-phase particles [18] . However, the conclusion was made only at the observational level. In fact, aggregation theory cannot explain the particle size focusing in co-thermolysis method in a colloidal system, especially the β-UCNPs synthesized in OM and TOPO smaller than 20 nm [11, 12] . In addition, a long reaction time from hours to days in hydrothermal method makes it difficult to provide a quantitative correlation between the particle size and changing of the reaction conditions for mechanism study. As such, a right selection of synthetic process in which experimental conditions can be systematically varied in a reasonable range and fundamental understanding of the growth and formation mechanism of the β-UCNPs are needed to be addressed in this field.
The goals of this study are to develop a single-step synthesis method to solve the above synthetic challenges and to explore the growth and formation mechanisms of the β-UCNPs. To address the first goal, we focused on surfactants selection by scrutinizing various ligands and ligand combinations in the co-thermolysis method. So far, the OA is the most popularly used ligand in this method. Our previous work reported that the addition of OA and TOP (trioctylphosphine) ligands at the same time reduced the energy barrier for the α → β phase transition to form β-UCNPs [15] . In this work, we investigated and compared ligand effects of OA and OA-TOP on the synthesis of β-UCNPs in more detail. By using OA-TOP combined ligands, we report here that the β-UCNPs with tunable sizes and a consistent hexagonal prism shape from 18 to 200 nm could be achieved by simply adjusting precursor ratios of Na/Re (Na = Na(TFA); Re = Re(TFA) 3 , Re = Y, Yb and Er). The time history of α → β phase transition, temperature and concentration effects on the particle growth were then examined. Based on the results achieved above, a two-stage growth according to the formation of α-and β-phase particles in each step, and formation mechanisms for β-UCNPs were proposed. Two critical issues were addressed in the second goal of this work. The first issue is to identify the limiting step and quasi-steady-state (QSS) species for the nucleation of growth of both α-UCNPs and β-UCNPs, which is the first and key step for kinetic mechanism study. The results revealed that the limiting step was the decomposition of Na(TFA) in stage I, which produced QSS of NaF. The second issue is to figure out the roles of α-UCNPs on the formation of β-UCNPs. Our conclusion was α-UCNPs were re-dissolved into the solution in stage II and had no direct effect on the formation of β-UCNPs. Overall, our intension is to provide more quantitative and qualitative analysis to elucidate the reaction process and final formation of β-UCNPs. The results showed that the Gibbs-Thompson effect and chemical potential environment in the solution [19] can be applied to explain the monotonic dependence of the particle size on Na/Re ratios from precursors and kinetic mechanisms involved in both stages. In the end, the size effects on UC emission intensity were briefly examined. It was shown that the UC emission intensity increased with the increase of particle sizes.
Experimental details
Reagents of oleic acid (OA) (99%), trioctylphosphine (90%), octadecene (ODE) (90%), sodium trifluoroacetate (98%) and trifluoroacetic acid (reagent grade) were purchased from Sigma-Aldrich. Re 2 O 3 (Re = Y, Yb and Er) (99.99%) were provided by Sunstone Inc. Re(CF 3 COO) 3 (=Re(TFA) 3 ) precursors were synthesized using the method reported previously [12] .
Synthesis of OA-TOP coated β-NaYF 4 :Yb, Er UCNPs was carried out using the standard oxygen-free procedures. OA-TOP capped UCNPs were prepared in the range of 18-200 nm. For example, for 100 nm NaYF 4 :Yb (20%), Er (2%) UCNPs, a mixture of 2.81 mmol Na(TFA), 1.46 mmol Y(TFA) 3 , 0.375 mmol Yb(TFA) 3 , and 0.0375 mmol Er(TFA) 3 was dissolved in OA/TOP/ODE (2 ml/2 ml/16 ml). Under vigorous stirring in a 50 ml flask, the mixture was first heated in an oil bath at 100
• C under vacuum for 30 min to remove water, and then nitrogen was purged into the solution periodically. In the presence of nitrogen, the solution was then heated with a heating mantle to reflux temperature (∼315
• C) within 10-15 min, and the reaction was stopped after 1 h heating at reflux. The cooled solution was divided into two centrifuge tubes (45 ml) and added by ethanol (30 ml) to precipitate UCNPs. The UCNPs were isolated by centrifugation and were washed by excess ethanol at least three times. After washing, the product was left to dry at atmosphere and the yield was between 250 and 300 mg. Na/Re ratios were varied to prepare β-UCNPs in different size, and we found the yield was slightly increased with Na/Re ratios.
Powder x-ray diffractometer (XRD, 30 kV and 20 mA, Cu Kα, Rigaku) was used for crystal phase identification. The powders were pasted on an alumina substrate and the scan was performed in the 2θ range of 10
• -70
• . The photoluminescence (PL) measurements were performed at room temperature. A 980 nm laser diode (1 W maximum, Lasermate Group, Inc.) was used as the excitation source and the beam was focused (12 cm focal length) to a spot size of approximately 0.5 mm. The PL signals were collected by an optical fiber and analyzed by a spectrometer (SP-2500i, Princeton Instruments) with a 2400 g mm −1 grating (holographic, 400-700 nm). The signal was detected by a photomultiplier module (H6780-04, Hamamatsu Corp.) and was amplified by a lock-in amplifier (SR510, Stanford Research Systems) together with an optical chopper (SR540, Stanford Research Systems). The signal was recorded by a computer using the SpectraSense software data acquisition/analyzer system (Princeton Instruments). TEM images were obtained using LEO/Zeiss 910 TEM equipped with a PGT-IMIX EDX system (100 keV). The energy dispersive spectrometer (EDS) analysis was performed using FEI XL30 FEG-SEM equipped with a PGT-IMIX PTS EDX system. Dynamic light scattering (DLS) (Brookhaven Instruments, BI-200SM, Holtsville, NY), consisting of doublepumped continuous NdYAG laser (Coherent Inc., wavelength 532 nm, 100 mW, Santa Clara, CA), and a photomultiplier with detection angle of 90
• . The signal of the photomultiplier was analyzed by autocorrelation (ALV-Laser Vertriebsgesellschaft mbH, ALV-5000/E, Langen, Germany), yielding the timeaveraged scattered average particle size and polydispersity index (PDI). The particle size distribution was calculated using the ALV-5000/E software, from the decay-time distribution function with the assumption that the scattering particles behave as hard spheres.
Results and discussion

Effects of coordination ligands on single-step synthesis of β-UCNPs
In a single-step synthesis via co-thermolysis method, so far only OA and OA-TOP ligands were reported being able to produce well-shaped β-UCNPs larger than 20 nm [10, 15] . However, the ligand effects such as how they were involved in the particle growth and their controllability on particle size and shape were not fully understood. In colloidal synthesis, the roles of OA, OA-TOP or other ligands were expected to provide an optimum adhesive energy to allow the exchange on and off on the growing particles, permit transient accessibility for monomers in the solvent for growth, and prevent particle agglomeration between organic-inorganic interface. In the end, the controlled particle size and shape were obtained. In this work, we conducted four parallel reactions to synthesize β-UCNPs by using OA and OA-TOP at Na/Re ratios of 2.0 and 3.0, respectively, and compared the coordination differences of the two ligands. The experimental results showed that they presented distinct coordinating functions in affecting the growth of β-UCNPs (figure 1).
At Na/Re ratio of 2.0, synthesis using OA produced hexagonal plates in 156 × 60 nm 2 (figure 1(a)), which was close to Yan et al s results of using Na/Re of 2.5 in obtaining 187 × 71 nm 2 hexagonal plates [10] . (The particle length and width were measured from the side surfaces of the particles, not hexagonal surfaces. For size counting in this work, over 100 particles from TEM images were randomly selected.) However, different from OA ligand, the OA-TOP combination ligands produced hexagonal prisms with almost equal length and width, 67.7 × 63.5 nm 2 ( figure 1(b) ). In the second comparison experiments by increasing Na/Re ratio to 3.0, synthesis using OA produced the β-UCNPs in a broad range from 100 to 200 nm 2 and meanwhile particle shape were irregularly shaped ( figure 1(c) ). Again in OA-TOP, the uniform and smaller β-UCNPs (39 × 37 nm 2 ) (figure 1(d)) were obtained.
The above experiments showed that OA and OA-TOP had different coordination effects on the particle size and shape, and phase change due to the change of surface energy. Considering shape uniformity, particle aggregation, and size controlling on the synthesis, the above results can be summarized in the following: (i) using OA as the ligand, the β-UCNPs obtained at Na/Re ratio of 2.0 were in plate shape in which length and width were in large difference (94 nm). Plate shape indicated that coordination properties of OA favored a 2D ripening growth. Using OA at Na/Re of 3.0, the particles were still large but in non-uniform shape ( figure 1(c) ). The ill-shaped particles indicated a random 3D growth, and the adhesion energy of the OA cannot guarantee a consistent on and off ligand exchange during the particle nucleation and growth at higher Na/Re ratios. On the other hand, the synthesis in OA-TOP at both Na/Re ratios produced monodisperse β-UCNPs with a uniform hexagonal prism shape in equal length and width, which indicated that OA-TOP ligands assured a uniform 3D growth over the course of particle nucleation and formation in both conditions. (ii) From TEM images in which the samples were prepared by dropping solution directly onto the carbon coated copper grids and drying, OA coated UCNPs showed aggregation, especially at Na/Re of 3.0. In contrast, OA-TOP coated UCNPs were assembled separately in order for both samples. These results suggested that the OA-TOP combined ligands protected individual particles more efficient than OA from aggregation. (iii) Synthesis in OA at two different Na/Re ratios had no consistent size change. On the contrary, synthesis in OA-TOP suggested that particle sizes monotonically decreased with the increase of Na/Re ratios.
It is worth mentioning here that other ligand combination systems, such as OA-TOPO, OA-OM, TOPO-OM, OA-TOP-TOPO, and OA-TOP-OM were also investigated by us using the single-step synthesis route. The results showed that only the OA-TOP ligand system was able to produce monodisperse and shape-consistent β-UCNPs in a broad size range. Other ligand systems did not present the combination effect, but individually affected the growth of β-UCNPs. Taking OA-TOPO for example, the UCNPs as-synthesized had two distinguishable shapes, which were as same as the UCNPs synthesized in OA and TOPO separately and mixed together. The results of other ligand systems are beyond the scope of this work, and are not discussed here. Apparently, addition of TOP into OA has changed coordination properties of OA and TOP individually for the synthesis of β-UCNPs. Ligand effects such as bonding strength between monomers and ligand, nanocrystals and ligand, and ligand structures were found to have significant impacts on the synthesis of colloidal QDs [20] , which can be applied to discuss the two ligand effects in this work. We had proposed a potential coupling occurred between OA and TOP at high temperature, which produced two coordination centers and created new coordination properties [15] . To be clearer, the molecular structures of OA and OA-TOP were shown in figure 2 in which the results of using Na/Re at 2.0 were depicted and compared. For the potential OA-TOP coupling, to meet the requirement of oxidation number of P for +5, one possibility was that the deprotonated H from OA was coordinated to the P before the combination ligands coated onto UCNPs. The deprotonation of OA and existence of new H peaks could be seen from NMR spectra of OA + TOP mixtures before and after being heated to 300
• C (not shown). The coupling between the OA and TOP ligands still needs more experiments to prove. However, its bidentate structure can be applied to explain the growth of UCNPs in a 3D direction. Previous research had proposed that OA bonding was preferential on the crystal facets of {0001} and {1010} in growing β-UCNPs, which caused the growth in the favored directions and resulted plate-or rodshape particles [10, 18] . Using OA-TOP ligand, the bonding preference of OA was modified by an additional coordination center of phosphine. As a result, there were no preferential bonding of OA-TOP on the crystal facets and a 3D growth was promoted. In the end, hexagonal prism-shape β-UCNPs were obtained. Besides the two coordination centers, the more steric structure in OA-TOP due to the three alkyl chains from TOP (figure 2) could provide optimum adhesive energy on the surface of β-UCNPs, which allowed the particle to nucleate and grow in a mild process and prevented aggregation during the particle growth.
The above discussions provided qualitative explanations to the coordination properties of OA and combined OA-TOP ligands, and combined ligands on β-UCNP growth. As such, in the following sections we present the results by using OA-TOP ligands to study the effects of precursor ratios (Na/Re ratios) and concentrations, reaction temperature, and reaction time on the growth of β-UCNPs.
Effects of Na/Re ratio on the size of β-UCNPs
In a single-step co-thermolysis route, different sized α-UCNPs (5-14 nm) were obtained by controlling the reaction time and temperature [14] . However, it is practically difficult to control particle size by stopping the reaction at a specific time for β-UCNPs. The main reason is because the growth of β-UCNPs needs a α → β transition process. Stopping the reaction in the middle of the reaction only obtains a mixed phase with nonuniform particle size distribution. Therefore, to achieve pure β-UCNPs, the reaction has to be stopped after the α → β phase transition is finished and the size focusing has to be the outcome of the kinetic process, rather than determined by reaction time [10-12, 14, 15] . Using OA as the ligand, it was reported that the particle size and shape were not uniform and not predictable along with the reaction time [10] . In the present study, by using the OA-TOP ligand, we found that higher Na/Re precursor ratios promoted the growth of the β-UCNPs in smaller size (figure 1). Therefore, in order to find the correlations between the size and Na/Re ratio, we performed a series of reactions by keeping the same Re% of 78%, 20%, and 2% (Y, Yb, and Er, respectively), but varying Na/Re ratios to synthesize β-UCNPs. TEM images of the β-UCNPs assynthesized are shown in figure 3 .
TEM images of the β-UCNPs prepared at Na/Re ratios of 1.0, 1.2, 1.5, 2.5, 3.5, 4.0, and 5.0 in figure 3 show that the particle sizes are 200. figure 3 (h) in which the XRD spectra of the UCNPs selected at Na/Re ratios of 1.2 ( figure 3(b) ), 2.5 ( figure 3(d) ) and 4.0 ( figure 3(f) ). By comparing the β-UCNPs synthesized in OA-TOP by the present single step with those in OA by a two-step method [14] , it can be found that the particles in small sizes (<40 nm) produced from both routes are hexagonal prisms and have close values in length and width. As the particles size increases, the magnitude differences between length and width (or thickness) are increased for the β-UCNPs synthesized in OA. However, in the present OA-TOP method, the width and length of the particles remain very close. For example, the difference between length and width of the β-UCNPs prepared in OA-TOP at Na/Re ratio of 1.0 is 14.8 nm, while in OA by taking A9 from the literature, the difference is 110 nm (185 nm × 75 nm) [14] . Since the particle length and width are very close in the present work, we calculate all the particle sizes including the Na/Re ratios of 2.0 ( figure 1(b) ) and 3.0 ( figure 1(d) ) by averaging the length and width, and the results are summarized in table 1. Experimental data of reaction time, EDS (energy dispersive x-ray analysis) results of Yb(%)/Er(%) and Na/Re ratios in the final β-UCNPs are also given. EDS results of Na/F for all the samples were close and between 0.8 and 1.0 and thus were not presented in the table. One representative result of EDS spectrum, DLS (dynamic light scattering) and SEM was presented in figures S1, S2 and S3 (available at stacks.iop.org/Nano/20/275603), respectively.
In figure 4 , two curves were plotted between the averaged particle sizes and the Na/Re ratios in precursors and β-UCNPs.
The particle size can be fitted reasonably well as a function of the Na/Re ratios in precursors by using where K is an experimental constant. The results reveal that the size of β-UCNPs can be continuously controlled in a broad range by only adjusting the Na/Re ratio in precursors. To the authors' knowledge, this is the first report in which a continuous size change of β-UCNPs from 18 to 200 nm with a consistent particle shape can be achieved by using a single-step co-thermolysis route. It was also found that the Na/Re ratio in UCNPs is lower than that in precursor solution. Moreover, the Na/Re ratio in UCNPs is not unity and changes dramatically with the change of precursor (table 1 and figure 4). Similar deviation was also observed from the β-UCNPs prepared by solid state reaction and was ascribed to the isostructure of the β-phase [7] . In the β-phase structure of NaReF 4 , the cation sites are of three types: a one-fold site occupied by RE 3+ , a one-fold site occupied randomly by 1/2Na + and 1/2RE 3+ , and a two-fold site occupied randomly by Na + and vacancies [21] . Therefore, it is not surprising that at high Na/Re ratios, more Na + would fill the vacancies and stay on the particle surface, which lead to the increased Na ratio in the final UCNPs. In addition, we also observed that a higher Na/Re ratio promoted the growth of smaller β-UCNPs. Since smaller UCNPs have larger surface to volume ratios, which increases the diffusion of Na into the crystals. As will be discussed later, the β-UCNP growth is diffusion controlled and the diffusion of Na is a limiting process governing the crystal phase transition. It is interesting to note that Yan et al synthesized β-NaYF 4 in OA by using TFA precursors with different Na/Y ratios too. However, their results of particle size dependence on the Na/Y ratio were opposite to ours obtained in OA-TOP for β-UCNPs. At low Na/Y ratios, they obtained small and rodshape particles, while in higher ratios, they obtained larger hexagonal plates [10] . Li et al reported the synthesis of OA coated β-NaYF 4 and β-UCNPs in hydrothermal method. They found that the higher the precursor ratios of NaF over Y 3+ or (Re 3+ ) were, the longer and slender of the OA coated β-NaYF 4 or β-UCNPs resulted [16] [17] [18] . The size controlling and shape perseverance ability by adjusting Na/Re ratio in the present work should be ascribed to the unique OA-TOP combined ligand used in our experiments. The remaining challenge is to answer why the particle growth is affected by the Na/Re ratio. This will be discussed in the following sections.
In summary, besides a simple, single-step synthesis method was developed for the synthesis of β-UCNPs, it was found the particle size can be monotonically controlled by changing a single parameter. The present work not only overcame the challenge of particle synthesis, but also provided a systematic method to advance the fundamental understanding of the kinetic mechanisms.
Kinetic mechanism and the effects of Na/Re ratios, reaction temperature and time on β-UCNP synthesis
As shown in table 1, all the reactions were stopped after 1 h except that for Na/Re ratios = 1.0, 1.2, 4.0 and 5.0. For Na/Re ratios of 1.0 and 1.2, the β-UCNPs were collected after 2 and 1.5 h since we observed that the phase transition was slow; while for 4.0, the β-UCNPs collected at 1 h showed severe size de-focusing. Therefore, the reaction was stopped at 15 min to collect β-UCNPs and TEM images showed satisfactory size distribution and particle shape ( figure 3(f) ). For Na/Re of 5.0, even we stopped the reaction at 5 min, the β-UCNPs were still in a broad size distribution ( figure 3(g) ). The above results strongly suggested that a high Na/Re ratio in precursors promoted the formation of β-UCNPs as well as the growth speed.
Besides the effects of Na/Re ratio, we also investigated the effect of reaction temperature on the growth of the β-UCNPs. At Na/Re of 1.5 and reaction time of 1 h, we performed experiments at three different temperatures, 295, 305 and 315
• C. The TEM images of three reactions stopped at 1 h are shown in figure 5 . Figure 5 showed that at 295
• C and after 1 h reaction, there almost had no β-UCNPs and the α → β phase transition did not occur. At 305
• C, phase transition occurred but was not completed. As a result, the mixed α and β-UCNPs were observed. It is important to note that as the α-UCNPs was dissolving (shrinking) independently (not on the surface of the β UCNPs) and the β-UCNPs grew in this case. At reaction temperature of 315
• C, the α → β transition was completed and no α-UCNPs were left. The above observations support that the activation energy of β-UCNPs formation is higher than that of α-UCNPs. In addition, the α-UCNPs is a kinetic controlled process and the β-UCNPs is an equilibrium phase. At higher temperatures, the α → β phase transition is accelerated.
In order to further understand the α → β transition process, we chose Na/Re ratio of 2.0 for the reaction and collected TEM images, respectively, at reaction time of 15, 20, 30, 45, 60 and 90 min. The results are shown in figure 6 .
The TEM images in figure 6 illustrated the process of the formation and growth of the β-UCNPs. It can be seen that there were only α-phase UCNPs in the first 10 min. At 20 min, a few β-UCNPs were formed via α → β transition and the size of α-phase UCNPs did not change. After 45 min when the phase transition was almost finished, the β-UCNPs grew larger and the α-UCNPs dissolved gradually. The average particle sizes of those β-UCNPs collected at later five reaction times, which were found to be 34.6, 56.8, 68.8, 65.2 and 65.3 nm, respectively. Particle sizes almost had no change after 45 min reaction, which indicated that after the α → β transition and consuming of the α-UCNPs, the β-UCNPs stopped growing. The stop of particle growth was further confirmed by measuring the elemental composition ratios of Na/Y of the six samples ( figure 7) . The EDS results in figure 7 showed that the Na element percentage was increasing steadily with the reaction time before the phase transition completed. After that, the changing of Na/Y was negligible. The results indicated that during the formation of the β-UCNPs, Na + were gradually diffusing into the β-UCNPs and contributing the particle growth of β-UCNPs. The growing of the β-UCNPs, the disappearing of the α-UCNPs, the increasing of Na concentration in the UCNPs, and the uniform particle size distribution all indicated that the β-UCNP growth was via the Ostwald ripening, in which the monomers produced from the dissolving of the α-UCNPs diffused onto the surface of β-UCNPs for their growth. 
Concentration effects on β-UCNP synthesis
So far all our experiments and discussions have not included precursor concentration effects. As demonstrated in the synthesis of colloidal QDs, the monomer concentrations decided critical particle sizes, which further affected growth rate and particle focusing, and even the particle shape [13, 19] .
In our experiments of the Na/Re ratio effects on particle size, the same amount of OA-TOP ligands and ODE solvent was used for all the reactions. Therefore, increasing Na/Re ratios were acquired by keeping the same amount of Re(TFA) 3 and adding more Na(TFA). When Na/Re ratios were increased, the precursor concentrations were then augmented correspondingly. In QD synthesis, a higher the monomer concentration would produce smaller critical particle sizes, and potential small particles. So, the first question in this work was whether the smaller β-UCNPs obtained in higher Na/Re ratios was due to the higher precursor concentrations. We again selected Na/Re ratio of 2.0 to conduct comparison experiments by varying OA, TOP and ODE volumes to adjust the precursor concentrations. Results are summarized in table 2. TEM image of the experiment I is shown in figure 3(b) . For experiments II and III, TEM images are shown in figure S4 (available at stacks.iop.org/Nano/20/275603). Comparing the results of experiments I and III, [C1] and [C2] of experiment I are 8 and 7 times larger than those of experiment III, but the size difference of the β-UCNPs is only 1.3 nm. Experiment II also has particle sizes very close to I and III (difference <1 nm). Considering the growth rate, we observed a slower reaction rate of low precursor concentrations. For example, TEM image of experiment III collected at 15 min presented smaller and less α-UCNPs (figure S4c, available at stacks.iop.org/Nano/20/275603) compared with the TEM image of the experiment I ( figure 6(b) ), however, after stopping the reaction after 1 h, the final particle sizes of III did not present noticeable differences from I and II (figures S4a and b, (available at stacks.iop.org/Nano/20/275603) and table 2).
Another reaction on concentration effect was performed on Na/Re of 5.0. We kept the same volumes of all coordination ligands and ODE solvent as those in figure 3(g) , meanwhile, we reduced the precursor amounts 5 times lower. The experimental observation showed that the reaction still finished very fast. TEM image of the sample collected 5 min was shown in figure S4d (available at stacks.iop.org/Nano/20/275603), which was the same as the results obtained at high concentrations ( figure 3(g) ). From the above results, we can conclude that precursor concentrations are not sensitive to affect the growth of the β-UCNPs and the final particle sizes. In the case of experiment III in which a very low precursor concentration was used compared with experiment I, a low concentration might delay the induction time of the formation of the α-UCNPs, but once that period was finished, it was the Na/Re ratio that decided the final size and the growth kinetic.
Kinetic growth mechanism
Several questions arose from our experimental observations above. For example, why does the particle growth only depend on the Na/Re ratio, but not the concentration? Why does the particle size inversely proportional to Na/Re ratio? What are the initial nucleation sites of β-UCNPs? How do α-UCNPs contribute to the formation and growth of the β-UCNPs? To provide the answers, we have to take a look at the potential reaction paths leading to the formation the β-UCNPs. Since there were two crystalline structures appeared during the progress of the reaction, we divided the single-step synthesis into two stages according to the crystal phases as following.
Stage I, α-UCNPs formation between 250 and 310
• C Na(TFA) → NaF + gas products
Stage II, β-UCNPs formation, 310
• C:
Since the decomposition temperature of Na(TFA) occurred at lower temperature (250
• C) than Re(TFA) 3 (310 • C) [22] , reaction (1) was the first-step reaction to produce monomers. Previous reports showed that the decomposition via reaction (1) controlled the nucleation delay time [14] . Therefore, reaction (1) should be slower than reaction (2) . As a result, the burst nucleation of α-UCNPs was observed when reaction (1) was accelerated at higher temperatures [10, 14, 15, [23] [24] [25] . Reactions (2) was confirmed by our results that under reaction temperature of 295
• C, there were no β-UCNPs formed ( figure 5(a) ). In stage I, the reaction-limited step was reaction (1) since it was found that the induction time of the nucleation of α-UCNPs was dependent on the initial concentration of Na(TFA) and temperature, but not on the amounts of Re(TFA) 3 being added [14] . The rapid formation of the α-UCNPs as a result of reactions (1) and (2) at high temperatures was the phenomenon of observed 'burst of nucleation'. For small particles (a few nanometers), the Gibbs-Thompson effect will play a dominant role in controlling the growth. The irregular shape from the TEM images suggests that the particle growth process is reaction controlled [26] . If reaction (1) is the limiting step and reaction (2) is faster than reaction (1), NaF will be in quasi-steady-state (QSS). The concentration of NaF can be obtained from the QSS assumption by using reactions (1) and (2):
and thus, we have
Therefore, the formation rate of α-UCNPs will be
which is not a function of the concentration of Re(TFA) 3 . This result agrees well with the experimental observations. In addition, the dependence of NaF concentration on the Na(TFA)/Re(TFA) 3 ratio gives a possible explanation of the dependence of particle size on the Na/Re ratio. We will discuss this issue after examining the time dependence of particle size. In stage II, reactions (3)- (6) give different path ways for the nucleation and growth of the β-UCNPs. Reaction (4b) is the agglomeration phase transition and growth model [18] . Reactions (3), (4a), (5), and (6) represent a single particle phase transition and diffusion controlled Ostwald ripening growth model. In the latter model, the dependence of NaF concentration on Na/Re ratio in equation (8) will have a significant effect on the particle growth via reaction (6) . The agglomeration phase transition model was adopted by Li et al to explain the observed large β-UCNPs from small α-UCNPs [18] . The TEM images in which large β-UCNPs surrounded by many small α-UCNPs on the surfaces were used to support this hypothesis. However, it should be noted that UCNPs for TEM imaging were obtained by either centrifugations or other precipitation methods. The small α-UCNPs on the surface of β-UCNPs in the TEM images did not necessarily mean that the small α-UCNPs were on the surfaces of the large β-UCNPs when they were in solution. In addition, if agglomeration was the phase transition mechanism, the size of initial β-UCNPs would be much larger than α-UCNPs. Figure 6 showed that this was not the case. Our previous observation of 4-7 nm β-UCNPs in TOPO ligand also excluded the possibility of agglomeration phase transition [12] Moreover, the agglomeration process is a random collision process. Like the nanoparticles in flame synthesis [27] , the agglomeration via kinetic collision process always leads to divergent particle size distribution. This is obvious because larger particles have greater collision cross-section areas than the small ones. As such, the agglomeration phase transition model does not apply to the particle growth mechanism observed here. In the following discussion, we will focus on the second phase transition and growth model.
Before we discuss the reactions in stage II, it is worthwhile reviewing the discussions on the formation of β-UCNPs in OA ligand. In Yan et al's two-step synthesis using OA, they classified formation of β-UCNPs into the promoted and restricted two modes to achieve large and small particles, respectively [14] . Although they did not give quantitative data to distinguish the two modes, their promoted mode required less or no Na(TFA) in the second step to grow the large β-UCNPs, while the restricted mode needed excess Na(TFA) to react with α-UCNPs for small β-UCNPs. The two modes corresponded with our results that large and small β-UCNPs were prepared from low and high Na/Re ratios, respectively. Unfortunately, the two modes did not give a clear picture of the β-UCNPs growth mechanism and the dependence of the particle size on precursor concentration was not discussed.
The reactions in stage II started after reaction temperature became close 310
• C because the formation of β-UCNPs was only observed at temperatures above 300
• C ( figure 5(b) ). After reaction temperature arrived 310
• C, reaction (3) produced ReF 3 monomers in the solution. Meanwhile, according to the TEM images shown in figures 6(a) and (b), the nucleation of β-UCNPs started randomly from some sites of small α-UCNPs upon via reaction (4a). This is because at higher temperature the probability of crystals on the high energy tail in the Boltzmann distribution to overcome the activation energy barrier of phase transition increases exponentially. Because the β-phase is the equilibrium phase, α → β phase transition will release more energy to cause the phase transition of the neighboring crystal cells. As a result, the total energy of the particle decreases which accelerates the particle growth on the crystal surface. From figures 6(a) and (b), it can be seen that some small and prismshaped β-UCNPs were formed in the ill-shaped α-UCNPs. After the initial phase transition occurred, the β-UCNPs grew rapidly as the α-UCNPs shrank ( figure 6(c) ). Note that the shrank small α-UCNPs were not on the surfaces of large β-UCNPs, rather they were scattered in the solution. These results reconfirmed that the agglomeration model did not apply. Therefore, the real formation process of β-UCNPs in this colloidal synthesis was the individual α-UCNPs transition to β-UCNPs via reaction (4a). Due to the decrease of particle Gibbs energy of via the particle phase change, the decrease of monomer concentrations on the surface of β-UCNPs and in the solution prompted the re-dissolving of α-UCNPs via reaction (5), which was the onset of Ostwald ripening. The initial formed small β-UCNPs would react with monomers diffused to the particle surface in the solution to grow into the larger β-UCNPs via reaction (6) .
The rapid growth of β-UCNPs after initial phase transition and the size focusing (figures 6(c)-(e)) suggested that the growth of β-UCNPs was controlled by diffusion of monomers. Therefore, in stage II, the formation of the monomers from dissolution of small α-UCNPs and the decomposition of precursors via reactions (1)-(3) played important roles in particle growth. Since the increase of Na(TFA) promoted the formation of β-UCNPs, the NaF concentration given in equation (8) will be the controlling parameter for particle size growth and focusing. This argument is strongly supported by our experimental results presented in table 1, in which the formation of the β-UCNPs needed less time at high Na/Re ratios, which were proportional to the NaF concentrations (equation (8)). Therefore, it turned out that the Na/Re ratios governed the growth rate in the end.
Similar to the synthesis of colloidal QDs, at small particle sizes the particle surface energy plays an important role in affecting the monomer concentration. This is the so called Gibbs-Thompson effect [28, 29] ,
where C r is the monomer concentration on the surface of a particle with radius r and C ∞ the solubility at a flat surface, γ the surface energy of the solid, V m the molar volume, R the gas constant, and T the temperature. In the case of (2γ V m /r RT ) < 1, the exponential term in equation (10) can be linearized. Assuming the growth of the β-UCNPs is dominated by the diffusion of the solute (NaF) from the solution to the surface, the particle size growth rate can be given as [30, 31] ,
K is a constant proportional to the diffusivity of the monomer, δ the thickness of the diffusion layer, and r * the critical radius which is proportional to the inverse of monomer concentration in the solution, c,
Equation (11) indicates that smaller particles grow faster than the large particles. This is the cause of size focusing shown in figure 6 . Moreover, from equations (8) to (12), it is seen that the critical radius is inversely proportional to the Na/Re ratio. This is why the increase the Na/Re ratio monotonically decreases the particle size. Therefore, the diffusion controlled process and the Gibbs-Thompson effect gives a reasonable explanation of the particle size focusing and the dependence of particle size on the Na/Re ratio.
By integrating equation (11), we can have the following particle volume dependence on time,
The above equations gave a good explanation to the growth mechanisms of monodisperse and round-shape colloidal QDs such as TOPO coated CdSe and InAs [28] , and OA coated MnO nanocrystals [32] . Since the β-UCNPs obtained in this work are in consistent hexagonal prism shape in the entire size range, we can also use the measured average particle size to examine the applicability of the GibbsThompson effect using equation (13) . Figure 8 shows the measured d 3 dependence on time using the data in figure 6 . It is seen that a linear correlation between d 3 and time holds in a broad range of time until the end of the growth. The good agreement between the experimental results in figure 8 and equation (13) demonstrates further that the Gibbs-Thompson effect and the diffusion-limited growth dominated the β-UCNPs growth.
It should be mentioned here that the experimental results at Na/Re ratios between 1.0 and 3.5 can be explained very well by the above model. However, at Na/Re ratios below 1.0, the α → β transition was difficult to proceed because of the low concentration of transport limiting monomers. On the other hand, for Na/Re ratio larger than 3.5, the growth of β-UCNPs was so fast that the surface reaction was a limiting step. Therefore, the process became reaction controlled. As a result, reactions produced smaller UCNPs with high surface/volume ratios with the measured Na/Re ratios deviated from ideal compositions (table 1, 28.0 and 18.3 nm UCNPs). In this case, equation (11) does not apply and the particle size is de-focused. This can also be seen from figure 3(g) and figure S4d (available at stacks.iop.org/Nano/20/275603), in which the particle lost monodispersity at reaction controlled process.
The dependence of the final size of the β-UCNPs on the Na/Re ratio can also be explained by using the chemical potential of an infinite sized crystal proposed by Peng et al [19] . In order to reach an ultimate chemical equilibrium between the nanocrystal and the monomers at the concentration of C r (equation (10)), the chemical potential of nanocrystals with a given radius r should be the same as that of the monomers at the concentration C r . Then
Here, μ r is the chemical potential of a given sized nanocrystal, and θ is surface/volume atom ratio. From the Gibbs-Thompson equation, small nanocrystals usually have larger μ r and higher θ than the large ones, so it was not surprising that small β-UCNPs were prepared from precursors with high Na/Re ratios. According to equation (8) , NaF concentrations were proportional to the Na/Re ratios. When there were large amounts of NaF monomer in the solution, in order to reach ultimate chemical equilibrium, a higher chemical potential of the solution containing smaller sized β-UCNPs was needed to balance the high chemical potential of more concentrated monomers. In the end, a correlation between the Na/Re ratios with the final particle sizes was obtained (figure 4). It should be also noted that the OA-TOP combined ligand effect on particle sizes cannot be neglected throughout the above discussion. This can be seen from the dependence of the critical radius on the surface energy in equation (12) . Unlike OA, the OA-TOP combined ligand has provided special coordination properties to guarantee the particles growing isotropically, and made our discussion comparable in the whole size range. Thus, at this stage, the explanation on the correlation between particle sizes and Na/Re ratios remains in qualitative. Future investigation in studying the surface energy (γ ), is needed to give quantitative prediction of the experimental data.
Particle size effects on upconversion luminescence
The emission intensity of the lanthanide ions doped UCNPs is dependent on the particle size via surface quenching. Usually, the larger the particles are, the higher the UC efficiency is [33, 34] . In Yan et al's work, they found that when the size of β-UCNPs was larger than 70 nm, the UC emission intensity was close to the bulky state and a further increase of particle size had little effect of luminescence intensity [25] . In order to examine the size effect, we measured the UC emission intensity of all the samples from table 1 and five of them are compared in figure 9 . To be more specific, the measurements were collected at the same excitation power for all samples.
Our results in figure 9(a) show that the PL intensity in whole size range is different. By integrating the green and red emission intensity, the PL intensity is shown to increase almost linearly with the particle sizes ( figure 9(b) ). EDS results from table 1 show that all the measured particles have close Yb/Er compositions, which indicate the difference in the emission intensity is caused from the size differences, not the ion doping concentrations. The different observation in our work from Yan's results is most probably from the particle shape. The β-UCNPs synthesized using OA-TOP in the present work have very close length and width. Furthermore, our calculations included the size of hexagonal surface. If the surface diameters were the longest, they would be counted as length. While the β-UCNPs synthesized from OA in large sizes had plate shape. When Yan et al counted particle sizes, they only considered the hexagonal surface, but not the width (or plate thickness), which was usually much smaller than surface diameter (>100 nm). Therefore, in order to make more precise conclusion on size effects, a consistent particle shape from small to large sizes should be considered. More of our photophysical characterization data on size effects, power dependence for UC mechanisms study, dynamic UC lifetime decay, and doping effects measured by using these newly developed β-UCNPs will be reported elsewhere.
Conclusions
This paper demonstrates for the first time a single-step synthesis method for colloidal β-UCNPs with a consistent hexagonal prism shape in a broad range from 18 to 200 nm. The unique coordination properties of OA-TOP combined ligands, such as bidentate structure and steric effect were found to be crucial to control the isotropic growth of the β-UCNPs. By adjusting the precursor ratios of Na/Re, the particle sizes were able to be tuned continuously. Such experiments provide an important platform to understand the growth and formation mechanisms of the β-UCNPs. It was found the formation of the β-UCNPs could be divided into two stages, a kinetic controlled α-phase precipitation (stage (I)) and diffusion controlled β-growth and size focusing stage (II). Stage I occurred between 250 and 310
• C and involved the decomposition of Na(CF 3 COO), 'burst of nucleation' and growth of α-UCNPs. This stage is a kinetically controlled by Na(TFA) decomposition and NaF monomers are in quasisteady-state (QSS). The second stage (stage II) of forming β-UCNPs started at ca. 310
• C via phase transition. It was found that the α-UCNPs did not affect directly on the growth of β-UCNPs. It was NaF concentrations, which were governed by the Na/Re ratios, and reaction temperature determined particle growth kinetics. Both the QSS analysis and experimental results showed that the Na/Re ratio quantitatively controlled the final particle sizes. The growth of β-UCNPs is a diffusion controlled process controlled by the formation of NaF from the decomposition of Na(TFA) in stage I and the dissolution of the α-UCNPs in stage II. The results showed that the Gibbs-Thompson effect and an equilibrium chemical potential in the solution could be applied to qualitatively explain the monotonic dependence of the particle size on Na/Re ratios from precursors. Characterization of particle luminescence showed that the UC emission intensity increased with the increase of particle sizes.
